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The reduced movement repertoire of Parkinson\'s disease (PD) is a result primarily of degeneration of nigrostriatal dopamine neurons. Levodopa ([l]{.smallcaps}‐dopa) restores dopamine‐mediated modulation, which can successfully relieve motor symptoms of PD. However, the repeated intake of [l]{.smallcaps}‐dopa leads to severe side effects, known as [l]{.smallcaps}‐dopa‐induced dyskinesia (LID).[1](#mds27404-bib-0001){ref-type="ref"}

Several cellular and molecular mechanisms have been linked to the development and onset of LID in PD.[1](#mds27404-bib-0001){ref-type="ref"}, [2](#mds27404-bib-0002){ref-type="ref"} Among these mechanisms, impaired synaptic transmission and maladaptive plasticity of corticostriatal glutamatergic projections have been shown to play a critical role.[3](#mds27404-bib-0003){ref-type="ref"}, [4](#mds27404-bib-0004){ref-type="ref"} Clinical evidence also suggests involvement of [l]{.smallcaps}‐dopa‐induced disruption in the trafficking of N‐methyl‐[d]{.smallcaps}‐aspartate receptor (NMDA) receptor subunits associated with the development of LID. Indeed, an evidence‐based medicine review recommended the addition of amantadine, a multitarget drug that antagonizes the activity of NMDA to [l]{.smallcaps}‐dopa treatment to mitigate dyskinesia.[5](#mds27404-bib-0005){ref-type="ref"} Other drugs that target glutamatergic transmission with higher specificity have been evaluated in clinical tests, but they either failed to reduce LID or were not well tolerated.[1](#mds27404-bib-0001){ref-type="ref"}

The noble gas xenon is capable of inhibiting excitatory glutamatergic signaling through antagonism of NMDA receptors.[6](#mds27404-bib-0006){ref-type="ref"} Here, we provide electrophysiological and behavioral evidence that supports the hypothesis that xenon gas exposure reverses LID‐inducing abnormal corticostriatal plasticity and ameliorates LID in gold‐standard rodent and primate models of PD and LID. Furthermore, we show that xenon inhalation can alleviate axial gait and posture deficits in a primate model of PD with LID. In contrast to other PD motor symptoms, [l]{.smallcaps}‐dopa treatment exerts little effect on, or even further exacerbates, these symptoms.[7](#mds27404-bib-0007){ref-type="ref"} These results establish a mechanistic framework to evaluate the ability of safe xenon inhalation to alleviate dyskinesia‐related symptoms in patients with PD and LID.

Methods and Materials {#mds27404-sec-0002}
=====================

Detailed experimental procedures are provided in the Supplementary Methods.

Ex Vivo Electrophysiology in the 6‐OHDA‐Lesioned Mouse Model of PD {#mds27404-sec-0003}
------------------------------------------------------------------

Corticostriatal plasticity was studied in [l]{.smallcaps}‐dopa‐treated 6‐hydroxydopamine (6‐OHDA)‐lesioned bacterial artificial chromosome transgenic mice expressing enhanced green fluorescent protein (EGFP) under the control of the promoter for the dopamine receptor type 1 (D1R) (Drd1a‐EGFP; 000297‐MU/H), prepared as previously described.[8](#mds27404-bib-0008){ref-type="ref"}, [9](#mds27404-bib-0009){ref-type="ref"}, [10](#mds27404-bib-0010){ref-type="ref"} abnormal involuntary movement (AIMs) were scored using a 0‐4 rating scale according to a validated rating system.[8](#mds27404-bib-0008){ref-type="ref"}, [11](#mds27404-bib-0011){ref-type="ref"} Electrophysiology on brain slices was conducted as described elsewhere.[4](#mds27404-bib-0004){ref-type="ref"}, [12](#mds27404-bib-0012){ref-type="ref"}

[l]{.smallcaps}‐Dopa‐Induced AIMs in the 6‐OHDA‐Lesioned Rat Model {#mds27404-sec-0004}
------------------------------------------------------------------

The AIM model was prepared in male Sprague‐Dawley rats (Charles River Laboratories) as previously described.[13](#mds27404-bib-0013){ref-type="ref"}, [14](#mds27404-bib-0014){ref-type="ref"}, [15](#mds27404-bib-0015){ref-type="ref"} The 4 AIM categories (axial, limb, and orolingual, hereafter referred to as ALO, and locomotive) were scored using a validated rating scale[16](#mds27404-bib-0016){ref-type="ref"}, [25](#mds27404-bib-0025){ref-type="ref"} by a trained investigator as previously described.[13](#mds27404-bib-0013){ref-type="ref"}, [14](#mds27404-bib-0014){ref-type="ref"}, [15](#mds27404-bib-0015){ref-type="ref"}

[l]{.smallcaps}‐Dopa‐Induced Dyskinesia in the MPTP‐Treated Macaque Model {#mds27404-sec-0005}
-------------------------------------------------------------------------

We conducted the 1‐methyl‐4‐phenyl‐1,2,3,6‐tetrahydropyridine (MPTP) intoxication protocol, chronic [l]{.smallcaps}‐dopa treatment, and clinical assessments in 6 male macaques (*Macaca mulatta*, weight, 4.7 ± 0.3 kg; Xierxin, Beijing, PR of China), as previously published.[8](#mds27404-bib-0008){ref-type="ref"}, [10](#mds27404-bib-0010){ref-type="ref"}, [13](#mds27404-bib-0013){ref-type="ref"}, [15](#mds27404-bib-0015){ref-type="ref"}, [17](#mds27404-bib-0017){ref-type="ref"}, [18](#mds27404-bib-0018){ref-type="ref"}, [19](#mds27404-bib-0019){ref-type="ref"}

Kinematics in the MPTP‐Treated Macaque Model {#mds27404-sec-0006}
--------------------------------------------

Gait pattern assessments were performed in 4 dyskinetic parkinsonian and 6 healthy able‐bodied macaques using a high‐speed motion capture system (Simi Reality Motion Systems, Germany), combining 4 or 6 video cameras (100 Hz) as previously described.[20](#mds27404-bib-0020){ref-type="ref"}, [21](#mds27404-bib-0021){ref-type="ref"}, [22](#mds27404-bib-0022){ref-type="ref"}

Results {#mds27404-sec-0007}
=======

Xenon Exposure Normalizes Maladaptive Corticostriatal Plasticity Through NMDA Receptors {#mds27404-sec-0008}
---------------------------------------------------------------------------------------

We first investigated the impact of xenon exposure on glutamatergic corticostriatal transmission and plasticity. We performed experiments in the 6‐OHDA‐lesioned mouse model treated with [l]{.smallcaps}‐dopa. Following behavioral evaluation, we sacrificed the mice to harvest acute corticostriatal slices[4](#mds27404-bib-0004){ref-type="ref"}, [10](#mds27404-bib-0010){ref-type="ref"}, [23](#mds27404-bib-0023){ref-type="ref"} (Fig. [1](#mds27404-fig-0001){ref-type="fig"}A and Supplementary Fig. S1). To compare the effects of xenon exposure on corticostriatal transmission between both groups of mice, we performed whole‐cell patch‐clamp recordings of spiny projection neurons (SPNs) in acute brain slices following 1‐hour exposure to xenon (5% CO~2~/21% O~2~/24% N~2~/50% Xe) or a vehicle gas (5% CO~2~/21% O~2~/74% N~2~); see Supplementary Figure S1. To quantify glutamatergic corticostriatal transmission, we measured the NMDA/α‐amino‐3‐hydroxy‐5‐methyl‐4‐isoxazolepropionic acid (AMPA) ratios of amplitudes of evoked excitatory postsynaptic currents (EPSCs) mediated by either receptor in SPNs.

![Corticostriatal plasticity in SPN is selectively restored by xenon exposure in dyskinetic mice. (A) Scheme depicting the experimental procedures for *ex vivo* electrophysiology. (B) Graph depicting abnormal voluntary movements (AIM) scored over a period of 2 hours in dyskinetic and nondyskinetic mice. (C) Sample traces of synaptic EPSC NMDA/AMPA ratios (determined by electrical stimulation of corticostriatal axons) recorded from SPNs in brain slices exposed for 1 hour to xenon or vehicle gas. Traces are normalized to the peak of AMPA currents. (D) Population data indicating the reduction of NMDA/AMPA ratio in SPN exposed to xenon. Open arrowheads and arrows indicate where AMPA and NMDA current amplitudes were measured, respectively (ratio xenon, 0.163 ± 0.014; n = 30 neurons; ratio vehicle, 0.257 ± 0.021; n = 34). (E, F) Same as C and D but in nondyskinetic mice. Note the absence of change in NMDA/AMPA ratios (ratio xenon, 0.231 ± 0.029; n = 15 neurons; ratio vehicle, 0.277 ± 0.041; n = 16 neurons). Stimulus artifacts have been deleted from sample traces for clarity. Scales in E are the same as C. \**P* \< 0.05, unpaired *t* test. (G) Representative time course of peak EPSCs recorded in SPN before (left), after high‐frequency stimulation (middle), and after low‐frequency stimulation (right: post‐LFS) obtained from brain slices of dyskinetic mice exposed to xenon (orange trace) or vehicle gas (red trace) and from brain slices of nondyskinetic mice exposed to xenon (gray trace) or vehicle gas (black trace). (H) Bar graph shows that xenon reduces the magnitude of corticostriatal LTP compared with vehicle gas in dyskinetic mice (dyskinetic xenon, 117.9% ± 1.86%; n = 6 neurons; dyskinetic vehicle, 157% ± 12.25%; n = 7 neurons; nondyskinetic xenon, 140.77% ± 7.31%; n = 8 neurons; nondyskinetic vehicle, 132.11% ± 7.92%; n = 8 neurons; *F* ~1,25~ = 7.894, *P* = 0.0095, 2‐way ANOVA). (I) Bar graph showing that xenon selectively restores corticostriatal depotentiation compared with vehicle gas in dyskinetic mice (dyskinetic xenon, 100.28% ± 6.74%; n = 6 neurons; dyskinetic vehicle, 146.24% ± 9.95%, n = 7 neurons; nondyskinetic xenon, 106.75% ± 9.56%; n = 8 neurons; nondyskinetic vehicle, 103.46% ± 6.49%; n = 8 neurons; *F* ~1,25~ = 8.326; *P* = 0.0079, 2‐way ANOVA). \**P* \< 0.05, 2‐way ANOVA, Bonferroni post hoc test. B, D, F‐I, values shown as mean ± standard error. \[Color figure can be viewed at <http://wileyonlinelibrary.com>\]](MDS-33-1632-g001){#mds27404-fig-0001}

Xenon exposure mediated a significant decrease in NMDA/AMPA ratios in dyskinetic mice following xenon treatment (*P* \< 0.05; Fig. [1](#mds27404-fig-0001){ref-type="fig"}C,D), whereas the NMDA/AMPA ratio did not change significantly in nondyskinetic mice (Fig. [1](#mds27404-fig-0001){ref-type="fig"}E‐F). This decrease was a result of a reduction of the NMDA component of EPSCs recorded at +40 mV. This xenon‐mediated reduction of the NMDA/AMPA ratio was observed both in the direct SPN pathway and in the indirect SPN pathway of dyskinetic mice (Supplementary Fig. S2), suggesting that xenon inhibits NMDA receptors in SPNs independently of their projection targets. The excitability of SPNs was not affected per se by xenon treatment (Supplementary Fig. S3).

We then investigated whether xenon‐mediated inhibition of NMDA receptors also affected corticostriatal synaptic plasticity. The synaptic hallmark of LID is the inability to depotentiate previously potentiated corticostriatal synapses.[4](#mds27404-bib-0004){ref-type="ref"}, [10](#mds27404-bib-0010){ref-type="ref"}, [23](#mds27404-bib-0023){ref-type="ref"} We potentiated synapses of SPNs with a high‐frequency stimulation train (HFS) and then delivered a low‐frequency stimulation train (LFS) to reverse this potentiation. As expected, LFS failed to reverse the depotentiation of corticostriatal synapses in dyskinetic mice exposed to vehicle gas (Fig. [1](#mds27404-fig-0001){ref-type="fig"}G‐I and Supplementary Fig. S3A‐C). However, exposure to xenon led to depotentiation of corticostriatal synapses (*P* \< 0.05; Supplementary Fig. S4D‐F), similarly to the depotentiation observed in nondyskinetic mice (Fig. [1](#mds27404-fig-0001){ref-type="fig"}G‐I and Supplementary Fig. S4G‐I). Moreover, xenon exposure significantly reduced the magnitude of HFS‐induced long‐term potentiation (LTP) in dyskinetic mice (*P* \< 0.05; Fig. [1](#mds27404-fig-0001){ref-type="fig"}G,H). In nondyskinetic mice, LFS reversed the depotentiation of corticostriatal synapses both in slices exposed to xenon and in vehicle (*P* \< 0.05; Fig. [1](#mds27404-fig-0001){ref-type="fig"}G‐H and Supplementary Fig. S4G‐L), suggesting that corticostriatal transmission and plasticity were not altered in nondyskinetic mice.

Xenon Inhalation Reduces Abnormal Involuntary Movements in the 6‐OHDA Rat Model {#mds27404-sec-0009}
-------------------------------------------------------------------------------

We then evaluated the behavioral effects of xenon exposure on AIMs in the 6‐OHDA‐lesioned rat model of PD and dyskinesia (Fig. [2](#mds27404-fig-0002){ref-type="fig"}A).[13](#mds27404-bib-0013){ref-type="ref"}, [14](#mds27404-bib-0014){ref-type="ref"}, [15](#mds27404-bib-0015){ref-type="ref"}, [17](#mds27404-bib-0017){ref-type="ref"}, [24](#mds27404-bib-0024){ref-type="ref"} We assessed the effects of xenon inhalation (50% Xe/50% O~2~) for 30 minutes on the behavioral response to [l]{.smallcaps}‐dopa in the 6‐OHDA‐lesioned rats (Fig. [2](#mds27404-fig-0002){ref-type="fig"}B). The dose was chosen based on previous experiments in pain[26](#mds27404-bib-0026){ref-type="ref"} and the knowledge that the anesthetic dose in rats is 161%.[27](#mds27404-bib-0027){ref-type="ref"} This dose decreased axial, limb, and orofacial (ALO) AIMs, with a peak effect at 30 and 60 minutes (*P* \< 0.01; Fig. [2](#mds27404-fig-0002){ref-type="fig"}C). There was also a significant therapeutic effect of xenon gas exposure over the entire 3‐hour observation period (*P* \< 0.05; Fig. [2](#mds27404-fig-0002){ref-type="fig"}D), an efficacy similar to the amantadine benchmark treatment (Fig. [2](#mds27404-fig-0002){ref-type="fig"}C,D).

![Xenon inhalation improves AIMs in dyskinetic rat during the first hour postexposure with similar amplitude as amantadine. (A) Schematic timeline for rodent behavioral experiments showing sequence of events of 6‐OHDA lesion and chronic [l]{.smallcaps}‐dopa treatment for inducing parkinsonism and AIMs, respectively. (B) Sequence of [l]{.smallcaps}‐dopa treatment followed by 30 minutes pf gas exposure for each rat before behavioral assessment. The orange square illustrates the time to obtain the selected gas concentration (wash‐in). (C, E, G) Plot of ALO scores (median), activity counts (mean), and time on the rod (mean) as a function of time (n = 12), respectively. (D) Sum of ALO scores over 3 hours\' behavioral observation showed that xenon and amantadine treatment significantly ameliorate AIMs (Fr = 11.87, *P* \< 0.05) \**P* \< 0.05, \*\**P* \< 0.01 cf vehicle. (F, H) There was no significant difference in motor skills between vehicle, xenon, and amantadine treatments, as measured by the sum of total activity counts (*F* ~2,22~ = 0.1586, *P* \> 0.05) and mean time on the rod (\[*F* ~2,22~ = 2.122, *P* \> 0.05) over the 3‐hour behavioral observation period. \**P* \< 0.05, \*\**P* \< 0.01, *t* test. \[Color figure can be viewed at <http://wileyonlinelibrary.com>\]](MDS-33-1632-g002){#mds27404-fig-0002}

At high concentrations, xenon mediates anesthetic effects. We thus verified the absence of sedation at the selected concentration (50% Xe/50% O~2~) by assessing subtle motor skills in 6‐OHDA‐lesioned rats. Compared with vehicle gas (50% N~2~/50% O~2~) or amantadine, the 30‐minute exposure to xenon did not alter the amount of locomotor activity (Fig. [2](#mds27404-fig-0002){ref-type="fig"}E,F) or the performance in the rotarod test (Fig. [2](#mds27404-fig-0002){ref-type="fig"}G,H), showing that such concentration was not sedatng.

Although xenon is the only noble gas that antagonizes NMDA receptors, we could not exclude an alternative mechanism of action that might be associated with a generic and inherent property of all noble gases. To refute this possibility, we evaluated the impact of inhaling krypton, argon, or neon noble gases on AIM severity in the [l]{.smallcaps}‐dopa‐treated 6‐OHDA‐lesioned rats (Supplementary Fig. S5A). We found that none of these additional gas treatments induced a significant positive effect on [l]{.smallcaps}‐dopa‐induced AIMs (Supplementary Fig. S5B), locomotor activity (Supplementary Fig. S5C), or rotarod performance (Supplementary Fig. S5D).

Xenon Inhalation Reduces Dyskinesia in the MPTP‐Treated Macaque Model of PD {#mds27404-sec-0010}
---------------------------------------------------------------------------

Rodent models only partially reproduce the motor behaviors of LID observed in PD patients. Instead, MPTP‐treated macaque monkeys repeatedly exposed to [l]{.smallcaps}‐dopa develop LID that closely mimics the dyskinetic manifestations reported in patients with PD.[1](#mds27404-bib-0001){ref-type="ref"}, [28](#mds27404-bib-0028){ref-type="ref"} The majority of previously tested antidyskinetic strategies primarily reduced the severity of choreic dyskinesia, but had little impact on dystonic dyskinesia.[1](#mds27404-bib-0001){ref-type="ref"}, [19](#mds27404-bib-0019){ref-type="ref"} We therefore sought to validate the antidyskinetic effects of xenon inhalation in 6 macaque monkeys first rendered parkinsonian with MPTP (Fig. [3](#mds27404-fig-0003){ref-type="fig"}A) and second dyskinetic by chronic [l]{.smallcaps}‐dopa exposure (Fig. [3](#mds27404-fig-0003){ref-type="fig"}A,C,D and see the Materials and Methods section).[8](#mds27404-bib-0008){ref-type="ref"}, [10](#mds27404-bib-0010){ref-type="ref"}, [13](#mds27404-bib-0013){ref-type="ref"}, [15](#mds27404-bib-0015){ref-type="ref"}, [17](#mds27404-bib-0017){ref-type="ref"}, [18](#mds27404-bib-0018){ref-type="ref"}

![Xenon inhalation improves dyskinesia in dyskinetic nonhuman primates without interfering with antiparkinsonian action of [l]{.smallcaps}‐dopa, with amplitude similar to amantadine. (A) Schematic timeline for producing a dyskinetic macaque showing sequence of events from MPTP intoxication for inducing parkinsonism to chronic [l]{.smallcaps}‐dopa treatment to elicit dyskinesia. After 7 months, the macaques were ready for behavioral investigation. (B) Schematic of the behavior experiments used to evaluate the dyskinesia and disability scores. We treated the monkeys with [l]{.smallcaps}‐dopa, exposed them to the vehicle or xenon gas mixture for 1 hour, and then recorded videos of their behavior over the following 4 hours. The orange square illustrates the time to obtain the selected gas concentration (wash‐in). (C, E) Dyskinesia and disability scores (median) as a function of time (n = 6 macaques), respectively. (D, F) Sum of dyskinesia and disability scores noted over the first 2 hours of behavioral observation. Xenon and amantadine treatments ameliorated dyskinesia (Fr = 7.913, \**P* \< 0.05) without worsening PD disability (Fr = 0.333, *P* \> 0.05); n = 6 macaques; Friedman nonparametric ANOVA and Dunn multiple‐comparison post hoc analysis; \**P* \< 0.05 compared with vehicle). \[Color figure can be viewed at <http://wileyonlinelibrary.com>\]](MDS-33-1632-g003){#mds27404-fig-0003}

We conducted preliminary tests to calibrate different parameters of xenon gas exposure for the treatment of dyskinesia, which included (1) the effects of varied gas exposure times (15, 30, and 60 minutes) and (2) the effects of varied gas concentrations (50%, 35%, and 20% xenon mixed with 50%, 65 %, and 80 % O~2~, respectively) of acute xenon treatment, knowing that in the macaque monkey the anesthetic dose of xenon is 98%. To enhance the translational value of this calibration, gas delivery was performed using a human‐approved closed‐circuit respirator (FELIX DUAL, Air Liquide Healthcare, France). We found that 1‐hour exposure to the concentration of 50% Xe and 50% O~2~ was the most effective intervention for reducing dyskinesia.

Xenon exposure significantly decreased LID both at the [l]{.smallcaps}‐dopa peak effect (90‐180 minutes; *P* \< 0.05; Fig. [3](#mds27404-fig-0003){ref-type="fig"}C) and over the 4‐hour period (*P* \< 0.05; Fig. [3](#mds27404-fig-0003){ref-type="fig"}D), without deteriorating the antiparkinsonian effect of [l]{.smallcaps}‐dopa (Fig. [3](#mds27404-fig-0003){ref-type="fig"}E,F). Xenon mediated antidyskinetic effects whose amplitude matched the improvements mediated by amantadine (*P* \< 0.01; Fig. [3](#mds27404-fig-0003){ref-type="fig"}C,D). Analysis of the subtype of dyskinesia revealed that xenon inhalation (1) significantly reduced the choreic form (Supplementary Fig. S6A) and (2) tended to reduce the dystonic form (Supplementary Fig. S6B).

Xenon Inhalation Preserves [l]{.smallcaps}‐Dopa Benefits and Improves Its Effect on Gait and Balance {#mds27404-sec-0011}
----------------------------------------------------------------------------------------------------

The antidyskinetic effects of potential adjunct therapies can only be considered suitable if the antiakinetic effects of [l]{.smallcaps}‐dopa are preserved. In the 6 tested monkeys, we did not detect a difference in disability scores (Fig. [3](#mds27404-fig-0003){ref-type="fig"}E,F), in on‐time (Supplementary Fig. S6C), or in general motor activity following [l]{.smallcaps}‐dopa combined with xenon or vehicle gas treatment (Supplementary Fig. S6D). We even observed a trend toward an increase in good on‐time (Supplementary Fig. S6C), that is, more time spent without troublesome dyskinesia interfering with normal daily activities, suggestive of an increased quality of life and an overall reduction of dyskinesia impact on daily activities.

These results encouraged us to quantitatively study the effect of xenon alone or in combination with [l]{.smallcaps}‐dopa on gait and balance deficits. Both in patients with PD and non‐human primate (NHP) models of PD, these symptoms include freezing of gait, postural instability, and other axial impairments. [l]{.smallcaps}‐Dopa traditionally mediates variable effects on these deficits or even exacerbates them.[7](#mds27404-bib-0007){ref-type="ref"}, [29](#mds27404-bib-0029){ref-type="ref"}, [30](#mds27404-bib-0030){ref-type="ref"}, [31](#mds27404-bib-0031){ref-type="ref"}, [32](#mds27404-bib-0032){ref-type="ref"} We conducted detailed kinematic analyses of gait in 4 additional monkeys that underwent successive MPTP and [l]{.smallcaps}‐dopa treatments to develop PD symptoms and dyskinesia (Fig [3](#mds27404-fig-0003){ref-type="fig"}A) and in 6 healthy monkeys. We then trained these monkeys to walk along a straight corridor without any constraints (Fig. [4](#mds27404-fig-0004){ref-type="fig"}A).[20](#mds27404-bib-0020){ref-type="ref"}, [21](#mds27404-bib-0021){ref-type="ref"}, [22](#mds27404-bib-0022){ref-type="ref"} Video recordings (100 Hz) of markers painted onto hind‐limb and forelimb joints allowed 3‐D reconstruction of whole‐body kinematics (Fig. [4](#mds27404-fig-0004){ref-type="fig"}A).[20](#mds27404-bib-0020){ref-type="ref"}, [21](#mds27404-bib-0021){ref-type="ref"}, [22](#mds27404-bib-0022){ref-type="ref"}

![[l]{.smallcaps}‐Dopa mediates subject‐specific improvements in gait and balance in the NHP model of PD. (A) Recordings of whole‐body kinematics during locomotion along a runway. Gait patterns are recorded using a high‐speed motion capture system. They are subsequently reconstructed in 3‐D, discretized per gait cycle, decomposed into numerous gait parameters, and analyzed using PC analysis. All gait cycles for 4 monkeys (S1‐S4) are shown in the space defined by PC1 and PC2, which also includes the mean gait cycles of 6 healthy monkeys for comparison (each symbol is an average of 10 to 20 gait cycles; black square, healthy; white circle, MPTP no [l]{.smallcaps}‐dopa; blur circle, MPTP 50% [l]{.smallcaps}‐dopa; purple circle, MPTP 100% [l]{.smallcaps}‐dopa). Plus signs mark the mean position of gait cycles for each condition. Gait of monkeys S1 and S2 became more similar (closer) to the gait of healthy monkeys following 100% [l]{.smallcaps}‐dopa treatment. Monkey S3 exhibited severe dyskinesia following 100% [l]{.smallcaps}‐dopa treatment, which was captured in the large displacement of gait cycles in the PC1‐2 space. Following the same treatment, the gait of monkey S4 moved farther away from those of healthy monkeys, indicating deterioration of gait performance. (B) Representative stick diagram decomposition of hind‐limb movements (left column) and traces of key gait variables (right column) for 3 [l]{.smallcaps}‐dopa doses (0%, 50%, and 100%) followed by 1 hour of vehicle gas inhalation (50% N~2~, 50% O~2~). (C) Bar plots showing changes in the mean Euclidean distance between all gait cycles in a given condition and the average gait cycle of all healthy monkeys. The other bar plots report average values for key parameters of gait (speed and stance duration) and posture (hip position) for the 3 experimental conditions. Data reported as mean. Error bars ± SEM. \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001; Wilcoxon rank sum test. \[Color figure can be viewed at <http://wileyonlinelibrary.com>\]](MDS-33-1632-g004){#mds27404-fig-0004}

A total of 64 gait parameters were calculated from these kinematic recordings. We then used these parameters in a principal‐component (PC) analysis that allowed visualization of gait performance between experimental conditions.[20](#mds27404-bib-0020){ref-type="ref"} To quantify gait performance, we measured the Euclidean distance between MPTP monkeys and healthy monkeys in the space spanning all the computed gait parameters (Fig. [4](#mds27404-fig-0004){ref-type="fig"}A).

A full [l]{.smallcaps}‐dopa dose led to an immediate reduction of gait deficits in all 4 MPTP monkeys. However, [l]{.smallcaps}‐dopa produced variable effects on gait parameters affected by PD (Fig. [4](#mds27404-fig-0004){ref-type="fig"}A‐C). Two monkeys (S3 and S4) exhibited limited gait improvement. Specifically, S4 did not exhibit improvement of gait features following [l]{.smallcaps}‐dopa administration. Instead, exposure to 100% [l]{.smallcaps}‐dopa dose led to impaired balance and excessive excitation (Fig. [4](#mds27404-fig-0004){ref-type="fig"}C), despite the reduced disability. In S3, 50% [l]{.smallcaps}‐dopa treatment alleviated some of the gait deficits (namely, the hip forward position), but 100% [l]{.smallcaps}‐dopa treatment caused severe dyskinesia, which resulted in disturbed gait patterns. The other 2 monkeys (S1 and S2) displayed improvements in walking speed, step length, and posture (eg, maximum hip forward position) when treated with a 100% [l]{.smallcaps}‐dopa dose (Fig. [4](#mds27404-fig-0004){ref-type="fig"}C). These gait parameters capture the main spatiotemporal features of gait that are affected in individuals with PD.[7](#mds27404-bib-0007){ref-type="ref"} These results are in agreement with clinical observations that have shown that [l]{.smallcaps}‐dopa fails to consistently restore normal gait across individuals with PD.[7](#mds27404-bib-0007){ref-type="ref"}

We then evaluated whether xenon could improve gait performance and reduce the detrimental effects of [l]{.smallcaps}‐dopa on locomotion in S3 and S4. We compared the effects of 1‐hour inhalation of xenon (50% Xe/50% O~2~) with vehicle gas (50% N~2~/50% O~2~) following administration of a suboptimal (50%) tailored dose of [l]{.smallcaps}‐dopa (Fig. [5](#mds27404-fig-0005){ref-type="fig"}). Both monkeys rapidly traversed the corridor to reach food reward. Inhaling xenon significantly improved gait performance, enabling both monkeys to produce locomotor movements that closely resembled those recorded in healthy monkeys (Fig. [5](#mds27404-fig-0005){ref-type="fig"}A). Even S3, who exhibited severe dyskinesia at the 100% [l]{.smallcaps}‐dopa dose (Fig. [5](#mds27404-fig-0005){ref-type="fig"}B), showed significant improvement in several clinically relevant gait variables (stepping speed and length and stance duration) when tested after xenon inhalation (Fig. [5](#mds27404-fig-0005){ref-type="fig"}B). For monkeys S1 and S2, which responded positively to [l]{.smallcaps}‐dopa, the addition of xenon to [l]{.smallcaps}‐dopa therapy did not substantially further normalize their gait (Supplementary Fig. S6).

![Xenon not only reduces the undesired effects of [l]{.smallcaps}‐dopa, but also alleviates locomotor deficits. (A) Plots showing all the gait cycles in the space defined by PC1 and PC2 (same projection as in Fig. [4](#mds27404-fig-0004){ref-type="fig"}A). Conventions are the same as in Figure [4](#mds27404-fig-0004){ref-type="fig"}. Colored arrows illustrate the changes of gait patterns observed following 100% [l]{.smallcaps}‐dopa and 50% [l]{.smallcaps}‐dopa + xenon treatments. Bar plots report mean Euclidean distance of all gait cycles compared with the average gait cycle of all healthy monkeys. Unlike the 50% or 100% [l]{.smallcaps}‐dopa treatments, which did not affect locomotion (S4) or cause further deterioration in gait performance (S3). The 50% [l]{.smallcaps}‐dopa treatment followed by xenon exposure enabled performance of gait patterns that resembled those of healthy monkeys. (B) Stick diagram decomposition of leg movements and pelvic movements viewed from the lateral aspect (top) and from above (bottom), respectively. The conditions 100% [l]{.smallcaps}‐dopa dose followed by vehicle inhalation (2 steps) and 50% [l]{.smallcaps}‐dopa dose followed by xenon inhalation (1 step) are shown for monkey S3. The steps in the 100% [l]{.smallcaps}‐dopa + vehicle condition showed a typical dyskinetic event (yellow sticks) and impaired balance, which is captured in the rightward offset of the foot positions compared with the hip. For the 50% [l]{.smallcaps}‐dopa + xenon condition, dyskinetic movements became rare or even absent. The feet were positioned under the hip throughout walking. Bar plots report changes in key gait parameters (stepping speed, step length, and stance duration) and the unbalanced hip displacement gait parameter designed to measure the frequency and severity of unbalanced movements for all tested conditions. Data are reported as means. Error bars ± SEM. \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001; Wilcoxon rank sum test. \[Color figure can be viewed at <http://wileyonlinelibrary.com>\]](MDS-33-1632-g005){#mds27404-fig-0005}

Although it is difficult to dissociate dyskinetic and nondyskinetic gait deficits, these variables commonly employed to characterize parkinsonian gait (and often nonresponsive to [l]{.smallcaps}‐dopa therapies) can help to measure amelioration in gait patterns independent of dyskinetic symptoms. Conversely, dyskinetic gait changes characterized by uncontrollable movements of the legs or arms can disturb balance and mediolateral body stability. The stick diagrams in Figure [5](#mds27404-fig-0005){ref-type="fig"}B illustrate the difficulty of S3 maintaining balance, as its right and left hips consistently swung outside the stability support base between the feet. We quantified these excessive movements by measuring unbalanced hip displacement, the distance the hip midpoint swung beyond the area between the legs, in each step. The unbalanced hip displacement will be absent for animals that do not exhibit uncontrollable movements but will become substantial with the appearance of dyskinetic symptoms. Both S3 and S4 displayed substantial unbalanced hip displacement for the 100% [l]{.smallcaps}‐dopa condition, whereas S4 displayed some significant hip displacement, even for the 50% [l]{.smallcaps}‐dopa condition (Fig. [5](#mds27404-fig-0005){ref-type="fig"}B). In comparison, the 50% [l]{.smallcaps}‐dopa + xenon condition successfully alleviated parkinsonian gait deficits (Fig. [5](#mds27404-fig-0005){ref-type="fig"}A) while abolishing the dyskinetic unbalanced hip movements (Fig. [5](#mds27404-fig-0005){ref-type="fig"}B).

Discussion {#mds27404-sec-0012}
==========

Three important results emerged from these studies. First, xenon effectively targets NMDA receptors located on SPNs and normalizes the disrupted transmission of glutamatergic corticostriatal synapses in parkinsonian mice with AIMs. Second, xenon inhalation ameliorates LID in both rat and NHP models of PD and LID. Third, not only does xenon inhalation support the antiparkinsonian activity of [l]{.smallcaps}‐dopa, but it also mitigates the deleterious effects of [l]{.smallcaps}‐dopa on gait performance in NHP models of PD. These findings open a concrete and safe therapeutic strategy for addressing LID and parkinsonian locomotor symptoms. Here, we discuss the mechanisms underlying the effects of xenon and envisage the next steps to apply this therapy in clinical settings.

Dyskinetic motor abnormalities have been associated with an absence of bidirectional synaptic plasticity in striatal projection neurons.[1](#mds27404-bib-0001){ref-type="ref"}, [3](#mds27404-bib-0003){ref-type="ref"}, [4](#mds27404-bib-0004){ref-type="ref"}, [33](#mds27404-bib-0033){ref-type="ref"} This observation established the conceptual framework to guide the identification of possible synaptic mechanisms underlying LID. These symptoms emerge in response to chronic [l]{.smallcaps}‐dopa treatment. However, parkinsonian animals generally exhibit 2 types of responses to [l]{.smallcaps}‐dopa treatment. Animals that do not develop LID (20%‐30%) benefit from the antiparkinsonian effects of [l]{.smallcaps}‐dopa, which restores the physiological bidirectional synaptic plasticity in striatal projecting neurons, including long‐term depression (LTD), LTP, and depotentiation. In dyskinetic animals (70%‐80%), [l]{.smallcaps}‐dopa treatment also restores normal LTP and improves parkinsonian motor behaviors, but also triggers severe LID. Moreover, in these animals, striatal projection neurons fail to regain either LTD or depotentiation in response to low‐frequency stimulation (LFS) protocols following [l]{.smallcaps}‐dopa treatment.[1](#mds27404-bib-0001){ref-type="ref"}, [3](#mds27404-bib-0003){ref-type="ref"}, [33](#mds27404-bib-0033){ref-type="ref"} However, blockade of NMDA receptors[33](#mds27404-bib-0033){ref-type="ref"}, [34](#mds27404-bib-0034){ref-type="ref"} as well as D1 or M4 receptors[10](#mds27404-bib-0010){ref-type="ref"} reestablished these depotentiation capabilities, which effectively alleviated LID in rodent and primate models of LID. Yet the pharmacological agents used in these studies are not safe for clinical practice.

The noble gas xenon functionally antagonizes NMDA receptors containing either NR2A or NR2B subunits,[6](#mds27404-bib-0006){ref-type="ref"} the 2 major subunits of the corticostriatal glutamatergic receptors.[35](#mds27404-bib-0035){ref-type="ref"} This gas has a safety profile demonstrated by its utilization in clinical trials in anesthesia[36](#mds27404-bib-0036){ref-type="ref"} and in neonates[37](#mds27404-bib-0037){ref-type="ref"} that should enable repeated clinical applications at subanesthetic doses. The safety profile of xenon, both on vital cardiorespiratory and toxicity parameters, has allowed for its market authorization in anesthesia. This has been reinforced since then by demonstration of safety in clinical trials on anesthesia of fragile patients[36](#mds27404-bib-0036){ref-type="ref"} and in critical care on neonates.[37](#mds27404-bib-0037){ref-type="ref"} Despite the relatively rapid blood washout on termination of inhalation therapy, xenon might be effective under chronic repeated dosing through affinity for lipophilic tissues.[38](#mds27404-bib-0038){ref-type="ref"} It is thus a candidate for a safe and reliable intervention at subanesthetic dosages to reduce LID.

We found that xenon exposure not only restores depotentiation of striatal projecting neurons in dyskinetic mice, but also prevents increased potentiation by high‐frequency stimulation. Thus, xenon reestablishes physiological properties of striatal projecting neurons that do not differ from those of nondyskinetic animals. Because these effects were only observed in dyskinetic animals, we surmise that xenon specifically reverses pathological enhancement of corticostriatal transmission. This paradoxical effect was previously reported in dyskinetic compared with nondyskinetic animals. Time‐dependent measurements of monoamine levels revealed that this effect was essentially linked to elevated dopamine levels in the striatum following the last [l]{.smallcaps}‐dopa injection, as opposed to a fundamental change in plasticity signaling machinery.[10](#mds27404-bib-0010){ref-type="ref"} Several lines of evidence associated this aberrant potentiation of glutamatergic synapses from striatal projecting neurons with a dopamine D1 receptor‐dependent central feature of the LID pathophysiology.[1](#mds27404-bib-0001){ref-type="ref"} Drug‐naive and [l]{.smallcaps}‐dopa‐treated mice that do not develop dyskinesia differ from [l]{.smallcaps}‐dopa‐treated dyskinetic mice in the spatiotemporal distribution of D1 receptor stimulation. Whereas burst spiking of dopaminergic neurons only briefly stimulates nondyskinetic mice, D1 receptors exhibit prolonged stimulation in mice that develop LID. The amount of dopamine release also differs between nondyskinetic and dyskinetic animals. Indeed, the release of dopamine far exceeds normal levels in dyskinetic animals, which leads to a robust decrease in the firing discharge of the output of basal ganglia.[39](#mds27404-bib-0039){ref-type="ref"} Striatal D1 receptor stimulation is therefore spatially and temporally different between dyskinetic and nondyskinetic animals. The differential stimulation pattern of D1 receptors is responsible for the abnormal plasticity of striatal projecting neurons, as such corticostriatal plasticity is under the tight control of dopamine receptors. In turn, this property explains the restricted effects of gaseous or pharmacological manipulations of glutamatergic transmission in dyskinetic animals.

We suggest that alleviation of dyskinetic behaviors in both rat and primate models of LID following [l]{.smallcaps}‐dopa treatment and xenon inhalation is mediated through this xenon‐mediated improvement of glutamatergic transmission in striatal projecting neurons. Although the antidyskinetic effects were modest, the amplitude of these improvements matched those afforded by amantadine, whose efficacy has been demonstrated in patients with PD and LID.[5](#mds27404-bib-0005){ref-type="ref"} A series of parameters could enhance the ability of xenon inhalation to alleviate LID. These improvements may include optimizing the timing of exposure vis‐à‐vis [l]{.smallcaps}‐dopa administration and evaluating the impact of chronic versus acute exposure. For example, the identification of strategies to match the exposure and thus bioavailability of xenon to that of [l]{.smallcaps}‐dopa may effectively moderate the activation of D1 receptors during the on‐state, thus improving the behavioral effects of both drugs.

Importantly, xenon alleviated LID without compromising the symptomatic benefit of [l]{.smallcaps}‐dopa treatment, both in rat and NHP models. High‐resolution kinematic recordings combined with objective statistical analyses confirmed the beneficial effects of xenon on gait and balance deficits. As previously described in patients with PD, we found that [l]{.smallcaps}‐dopa mediated variable effects on gait performance and could even exacerbate freezing of gait, postural instability, and other axial impairments.[7](#mds27404-bib-0007){ref-type="ref"}, [29](#mds27404-bib-0029){ref-type="ref"}, [30](#mds27404-bib-0030){ref-type="ref"}, [31](#mds27404-bib-0031){ref-type="ref"}, [32](#mds27404-bib-0032){ref-type="ref"} Here, we obtained evidence that suggests that xenon may alleviate some of the gait and postural symptoms that are refractory to or even enhanced by [l]{.smallcaps}‐dopa. Previous experimental strategies to alleviate LID did not investigate potential effects on gait and posture. The lack of efficacy of dopaminergic treatments on these axial symptoms[7](#mds27404-bib-0007){ref-type="ref"}, [40](#mds27404-bib-0040){ref-type="ref"} suggests that the underlying lesions involve nondopamine systems and may thus involve lesions located outside the dopaminergic system.[41](#mds27404-bib-0041){ref-type="ref"} Several studies have shown that the cholinergic neurons of the pedunculopontine nucleus (PPN) undergo advanced degeneration in PD.[42](#mds27404-bib-0042){ref-type="ref"}, [43](#mds27404-bib-0043){ref-type="ref"} Growing evidence suggests that the PPN plays a crucial role in the development of gait and balance disorders.[44](#mds27404-bib-0044){ref-type="ref"} Indeed, the PPN is a surgical target to alleviate gait deficits with deep brain stimulation in patients with PD.[45](#mds27404-bib-0045){ref-type="ref"} Degeneration of cholinergic neurons in this dual cholinergic‐glutamatergic nucleus leads to increased glutamatergic tone and most likely abnormal plasticity,[41](#mds27404-bib-0041){ref-type="ref"}, [44](#mds27404-bib-0044){ref-type="ref"} as observed in striatal projecting neurons, Therefore, xenon may alleviate gait deficits through normalization of glutamatergic transmission and plasticity in the PPN, similarly to its action on corticostriatal synapses. Because the reported benefit varied from animal to animal, patients must be selected carefully for clinical studies. The presence of proven gait disorders is a prerequisite for such investigations.

A key unmet medical need of the PD community is a strategy for ameliorating LID. The hope is that a rational therapy will arise from the understanding of the mechanisms responsible for LID. Although various NMDA antagonists such as dextromethorphan, remacemide, milacemide, CP‐101,606, and memantine have been assessed for treating LID, their success has been limited.[1](#mds27404-bib-0001){ref-type="ref"} Only amantadine exhibited modest antidyskinetic effects in the gold‐standard NHP models of LID prior to evaluation in patients.[1](#mds27404-bib-0001){ref-type="ref"} At‐home distribution of a gaseous therapeutic is already taking place for several indications, with millions of patients receiving gas‐based home care throughout the world. Altogether, our results in the gold‐standard mouse, rat, and NHP models of LID provide a strong rationale to expedite clinical testing of this safe yet unconventional approach. Patients at an advanced stage with severe dyskinesia uncontrolled by treatment or severe gait disorders (skewness, freezing) who may need a "rescue therapy" could take advantage of such an inhaled therapy.
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